Vibrio cholerae is a versatile bacterium that flourishes in diverse environments, including the human intestine, rivers, lakes, estuaries, and the ocean. Surface attachment is believed to be essential for colonization of all of these natural environments. Previous studies have demonstrated that the vps genes, which encode proteins required for exopolysaccharide synthesis and transport, are required for V. cholerae biofilm development in Luria-Bertani broth. In this work, we showed that V. cholerae forms vps-dependent biofilms and vps-independent biofilms. The vps-dependent and -independent biofilms differ in their environmental activators and in architecture. Our results suggest that environmental activators of vps-dependent biofilm development are present in freshwater, while environmental activators of vps-independent biofilm development are present in seawater. The distinct environmental requirements for the two modes of biofilm development suggest that vps-dependent biofilm development and vps-independent biofilm development may play distinct roles in the natural environment.
Vibrio cholerae is the agent of the dreaded waterborne disease cholera. Cholera is characterized by massive diarrhea, resulting in severe dehydration and even death. When V. cholerae is not wreaking havoc in the human intestine, it may be found in diverse aquatic environments, such as the ocean, estuaries, rivers, and lakes (5, 10, 26, 30, 36) . Adhesion to surfaces both in the human intestine and in the aquatic environment plays an important role in V. cholerae's success as a pathogen and an environmental organism.
Bacteria attached to a surface, which are collectively termed a bacterial biofilm, have been a subject of intense interest in recent years due to the predominance of biofilm-associated bacteria in natural environments, the complex developmental pathway that bacteria follow in forming a biofilm, and the role of biofilm formation in antibiotic-resistant bacterial infections (7, 22) . Many gram-negative bacteria use flagella and/or pili to associate with surfaces (2, 9, 15, 16, 25, 28, 31, 32, 40, 41) . The subsequent accumulation of bacteria on surfaces with the characteristic biofilm architecture of pillars of bacteria surrounded by water channels is thought to require exopolysaccharide synthesis (6, (40) (41) (42) (43) . Surface adhesion and exopolysaccharide production by bacteria have been shown to depend on the inorganic and organic compositions of the bathing medium. In particular, high concentrations of Na ϩ and Ca 2ϩ in growth media have been shown to enhance biofilm development by diverse bacteria (17, 18, 34, 35) . Furthermore, the carbohydrate composition of the growth medium influences exopolysaccharide production and biofilm development by many bacterial species (1, 3, 4, 21, 24, 35) .
Exopolysaccharide-dependent and -independent biofilms have been described for both Pseudomonas aeruginosa and Escherichia coli. In a rich growth medium, wild-type P. aeruginosa and E. coli form thick biofilms with pillars and channels. When quorum sensing is eliminated in P. aeruginosa by mutation of the lasI gene, however, a flat, densely packed biofilm is formed. This biofilm exhibits increased susceptibility to detergents (8) . In E. coli, a similar flat biofilm is observed when genes for synthesis of the exopolysaccharide colanic acid are disrupted (6) .
V. cholerae biofilm development has previously been studied in Luria-Bertani (LB) broth, a complex, undefined medium containing 100 mM NaCl, 1.0% yeast extract, and 1.5% tryptone (12, 27, 37, 39, 40, 43) . In this medium, V. cholerae forms a thick biofilm containing pillars of bacteria surrounded by water channels (41) . The VPS exopolysaccharide is required for formation of this biofilm structure. This exopolysaccharide is synthesized and exported by proteins encoded by genes both in the vps locus and in other loci (27, 43) . In the absence of the vps genes, cells form only a monolayer on the surface (40, 43) . Furthermore, vps transcription is greater in biofilm-associated cells than in planktonic cells, suggesting that vps gene transcription is activated by surface association (12) .
In this study, we explored the environmental activators of V. cholerae biofilm development in the context of a defined growth medium. We obtained qualitative and quantitative evidence that V. cholerae forms vps-dependent biofilms and vpsindependent biofilms in response to distinct environmental signals. V. cholerae is found in both freshwater and seawater environments. Our findings suggest that only vps-dependent biofilm development is possible in freshwater environments, while both vps-dependent biofilm development and vps-independent biofilm development are possible in seawater environments. Our results suggest that vps-dependent surface adhesion and vps-independent surface adhesion play different roles in aquatic environments.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in our experiments are described in Table 1 . Biofilms were formed in a medium supplemented with either 1% yeast extract (Difco) and 1.5% tryptone (Difco) (YT) or 1% vitamin assay Casamino Acids (CAA) (Difco). Various salt mixtures were added to this base, as follows: 10 mM NaCl, 100 mM NaCl, commercial artificial seawater (Instant Ocean; Aquarium Systems), a defined mixture of the salts reported to be in Instant Ocean (defined seawater [DSW], containing 468 mM NaCl, 55 mM MgSO 4 ⅐ 7H 2 O, 3.0 mM NaHCO 3 , 9.9 mM CaCl 2 ⅐ 2H 2 O, 10.3 mM KCl, 0.14 mM Na 2 B 4 O 7 ⅐ 10H 2 O, 0.1 mM SrCl 2 ⅐ 6H 2 O, 0.03 mM NaBr, 0.002 mM NaI, and 0.026 mM LiCl), autoclaved river water (Charles River, Newton, Mass.), and autoclaved real seawater (Crane Beach, Mass.). Where indicated below, 0.16% monosaccharides (0.015% glucose, 0.048% galactose, 0.098% mannose) was added to the growth medium. This monosaccharide mixture was determined to be equivalent to that found in a mixture of 1% yeast extract and 1.5% tryptone based on a monosaccharide analysis performed on the reagents used in our laboratory.
Construction of a vpsA deletion mutant. A large operon required for VPS synthesis extends from VC0917 to VC0927 (vpsA operon). A 407-bp fragment located between positions 979148 and 979555 on chromosome 1 and a 462-bp fragment located between positions 990697 and 991099 on chromosome 1 were amplified by PCR. The internal primers included a complementary 15-bp sequence at the 3Ј and 5Ј ends, respectively, as previously described (12) . These two fragments were joined by using the technique of splicing by overlap extension, which resulted in construction of a fragment with an 11,141-bp deletion in the vpsA operon (14) . The fragment containing the deletion was gel purified and ligated into pCR2.1TOPO (Invitrogen). This fragment was then removed from pCR2.1TOPO by digestion with SpeI and XhoI and ligated into pWM91 to create a suicide plasmid, pAJH9. This plasmid was used to create vpsA operon deletions in the relevant strains by double homologous recombination and sucrose selection as previously described (12) .
Biofilm assays. Borosilicate glass tubes were filled with 300 l of the growth medium as indicated below and inoculated with the strain under study. For reproducibility, experiments were initiated at an optical density at 595 nm (OD 595 ) of 0.02. Unless specifically indicated otherwise, cells were allowed to adhere to the surface during 18 h of incubation at 27°C. Biofilms were visualized by incubation with a 1-mg/ml aqueous solution of crystal violet as previously described (12) . Surface-adherent cells were quantified as follows. Following formation of the biofilm, planktonic cells were removed, and the tubes were rinsed and filled with 300 l of fresh medium. An equivalent volume of 1-mmdiameter borosilicate glass beads (Biospec) was added to each tube. Biofilmassociated cells were mechanically removed and dispersed by vortexing in the presence of these beads for approximately 10 s. Finally, the OD 595 of the planktonic and biofilm cell suspensions were measured. This rapid method of quantifying biofilm-associated cells was quite reproducible, and the results compared favorably with measurements based on total protein and viable cell counts. Furthermore, in these assays, this method was more accurate than quantification of biofilm-associated crystal violet by solubilization with dimethyl sulfoxide.
Fluorescence microscopy and quantitative analysis of biofilm structure. Fluorescence microscopy was used to evaluate the three-dimensional biofilm structure. The biofilms used for fluorescence microscopy were formed on borosilicate glass coverslips that were placed in 50-ml Falcon tubes containing 7.0 ml of medium. Bacteria were inoculated into the medium to obtain an initial OD 595 of 0.05, and biofilms were formed over a 24-h period. 4Ј,6-Diamidino-2-phenylindole (DAPI), which penetrates bacterial cell membranes to form a fluorescent complex with DNA, was used to visualize biofilms. Seven microliters of a 1-mg/ml aqueous solution of DAPI was added directly to each culture following formation of the biofilm. Then the coverslip, with its associated biofilm, was incubated with DAPI for 10 min.
The coverslip was removed, rinsed with fresh medium, and placed on a concave microscope slide filled with sterile medium. An Eclipse TE-200 inverted fluorescence microscope (Nikon) equipped with an Orca digital charge-coupled device camera (Hamamatsu), VVM-D1 shutter drivers (Uniblitz), and a focus motor was used to collect a stack of evenly spaced transverse sections through the biofilm. The image stacks were subjected to nearest-neighbor deconvolution and three-dimensional image reconstruction by using the Metamorph Imaging software (Universal Imaging). Various attributes of the biofilm structure were then quantified by using the COMSTAT software developed by Heydorn and colleagues (13) . In this study, total biofilm biomass, substratum coverage, average biofilm thickness, and maximum biofilm thickness were used to quantitatively describe the biofilm architecture. The total biofilm biomass was determined by dividing the volume of cells in the three-dimensional biofilm by the substratum surface area analyzed. The substratum coverage was the proportion of the total substratum surface area that was covered by cells. The values reported below are averages for six image stacks (three image stacks collected in two independent experiments).
␤-Galactosidase measurements. ␤-Galactosidase assays were performed as previously described (12) , with the following modifications. For measurements of vpsL promoter activity in both planktonic and biofilm-associated cells, wild-type V. cholerae was incubated at 27°C for 24 h in 50-ml Falcon tubes containing 3 ml of growth medium. After transfer of planktonic cells to new tubes, the biofilms were rinsed with sterile growth medium and removed from the surface by agitation with 1-mm-diameter borosilicate beads (BioSpec) as described above. The OD 595 of each resulting suspension was measured, and biofilm-associated cells were then gently pelleted and resuspended in 1 ml of Z buffer. The cells were then lysed by three freeze-thaw cycles and centrifuged to remove the cell debris. A 100-l aliquot of the lysate was set aside for protein determination with a Bradford assay kit (Pierce), and o-nitrophenyl-␤-D-galactopyranoside (Sigma) was added to the remaining lysate. Samples were incubated for 18 h at 37°C to allow a yellow color to develop, and the A 405 of each sample was measured. To obtain a relative ␤-galactosidase activity measurement for each sample, the A 405 was multiplied by 1,000 and then divided by the calculated protein concentration or the OD 595 . All experiments were performed in triplicate.
Biofilm matrix isolation and analysis. V. cholerae biofilms were formed in LB broth or commercial artificial seawater supplemented with CAA over a period of 72 h. V. cholerae ⌬vpsL, ⌬vpsA, or ⌬vpsLA mutant biofilms were formed under similar conditions in commercial artificial seawater supplemented with CAA. In all experiments, planktonic cells were removed, and biofilm cells were dispersed and separated from the biofilm matrix by bead beating at 5,000 rpm for 10 s with 1/3 volume of 1-mm-diameter borosilicate beads (BioSpec). Intact V. cholerae cells were removed by centrifugation at 4,000 ϫ g. Three volumes of 95% ethanol was added to the supernatant, and exopolysaccharide and other components of the biofilm matrix were then allowed to precipitate overnight at 4°C. The precipitate was collected by centrifugation and sent to the Glycobiology Core at the University of San Diego for monosaccharide analysis.
Analysis of river and seawater compositions. Elemental and osmolarity analyses were performed on aliquots of Charles River water and Massachusetts seawater. An elemental analysis was performed by a commercial laboratory (Alpha Analytical Laboratories, Westborough, Mass.). Osmolarity was measured with a freezing point osmometer (model 3300; Advanced Instruments).
RESULTS AND DISCUSSION
V. cholerae is a human pathogen and a natural inhabitant of riverine, estuarine, and marine environments. In these varied environments, bacteria are principally found in association with a surface. We hypothesized that the ionic and nutrient compositions of the bathing medium might determine the nature of the biofilm formed. In particular, we were interested in identifying the environmental determinants of V. cholerae biofilm development, with the ultimate goal of relating these findings to freshwater and marine environments. V. cholerae biofilm development is vps dependent in 10 mM NaCl-YT and vps independent in artificial seawater. It has been demonstrated previously that the wild-type V. cholerae O139 biofilm formed in LB broth depends on the vpsL gene product (12) . LB broth, however, is a complex, poorly defined medium consisting of 100 mM NaCl, the products of a tryptic digest of casein, and the products of an ethanol extract of Saccharomyces cerevisiae. In order to understand the environmental enhancers of biofilm development, our goal was to develop a better defined growth medium that activated V. cholerae biofilm development. Because V. cholerae is found in both freshwater and seawater environments, we first compared V. cholerae biofilm development in growth media consisting of an inorganic base, either 10 mM NaCl or commercial artificial seawater, supplemented with either YT or CAA. Crystal violetstained biofilms resulting from culture of wild-type V. cholerae and a ⌬vpsL mutant in these media are shown in Fig. 1 . Wildtype V. cholerae, but not the ⌬vpsL mutant, was able to form a robust biofilm in 10 mM NaCl supplemented with YT. These results are similar to the results of previous studies of V. cholerae biofilm development in LB broth (40, 41) . Amino acids in the form of peptides and proteins are a major component of yeast extract and tryptone. Thus, we tested whether addition of CAA alone to 10 mM NaCl supported wild-type V. cholerae biofilm development. In this medium, however, no biofilm was observed. Thus, supplementation with amino acids alone was not sufficient to induce wild-type V. cholerae biofilm development in 10 mM NaCl. However, biofilm development by wildtype V. cholerae and the ⌬vpsL mutant in artificial seawater medium supplemented with CAA was surprisingly different. Commercial artificial seawater supplemented with CAA induced robust biofilm development by both wild-type V. cholerae and the ⌬vpsL mutant. The same result was observed for biofilms formed in commercial artificial seawater supplemented with YT (results not shown). The bacterial growth in all media containing YT as a nutrient source was approximately four times that in media containing CAA. This probably reflects the B vitamins, iron, and other nutrients that are abundant in YT but not in vitamin assay CAA.
In order to quantify surface attachment, we harvested biofilms from borosilicate tubes at various times after inoculation. The increases in surface-attached cells over time in the various media are shown in Fig. 2 . Wild-type V. cholerae was able to accumulate on borosilicate surfaces bathed in 10 mM NaCl supplemented with YT, but the ⌬vpsL mutant was not ( Fig.  2A) . In 10 mM NaCl supplemented with CAA, neither wildtype V. cholerae nor ⌬vpsL mutant cells accumulated on the borosilicate surface in significant numbers. After 72 h, the OD 595 of surface-associated cells did not exceed 0.05 (data not shown). In contrast, when commercial artificial seawater was supplemented with CAA, the numbers of surface-associated wild-type V. cholerae and ⌬vpsL mutant cells were similar (Fig.  2B ). It should be noted that the amount of surface-attached cells in the biofilm formed in commercial artificial seawater supplemented with CAA was only one-half the amount of surface-attached cells in the biofilm formed in 10 mM NaCl supplemented with YT. This suggests that there was either an increased rate of cell attachment to or a decreased rate of cell detachment from the biofilm formed in 10 mM NaCl supplemented with YT compared with the rate for the biofilm formed in commercial artificial seawater.
From these experiments, we formulated the following three hypotheses: (i) biofilm development in 10 mM NaCl supplemented with YT requires the vps genes and, therefore, is vps dependent, (ii) biofilm development in artificial seawater does not require the vps genes and, therefore, is vps independent, The vps-dependent and -independent biofilms differ in architecture. Exopolysaccharide is thought to be required for the prototypical biofilm structure consisting of pillars of bacteria surrounded by water channels. Thus, we hypothesized that the structure of the vps-independent biofilm might differ from that of the vps-dependent biofilm (6) . In order to test this hypothesis, deconvolution fluorescence microscopy was used to visualize biofilms formed in 10 mM NaCl-YT and artificial seawater supplemented with CAA. As shown in Fig. 3 , substantial V. cholerae surface accumulation was observed in both growth media. While the biofilm formed in 10 mM NaCl supplemented with YT consisted of tall pillars interspersed with water channels, the biofilm formed in commercial artificial seawater supplemented with CAA had smaller, more closely spaced pillars.
In order to more objectively assess our qualitative impressions of the vps-dependent and -independent biofilm architectures, we used the Comstat program designed by Heydorn et al. (13) . Biomass, substratum coverage, average biofilm thickness, and maximum biofilm thickness were used to characterize each biofilm (Tables 2 and 3 ). When normalized to surface area, the total biomass of the wild-type V. cholerae biofilm formed in 10 mM NaCl supplemented with YT was 2.5 times that of the biofilm formed in commercial artificial seawater supplemented with CAA. Although the surface coverage values were similar for the two biofilms, the average biofilm thickness and the maximum biofilm thickness of the biofilm formed in 10 mM NaCl supplemented with YT were approximately three and two times, respectively, greater than those of the biofilm formed in commercial artificial seawater supplemented with CAA. These results substantiated our qualitative impressions based on microscopy.
Monosaccharides are critical activators of vps-dependent biofilm formation. We observed that supplementation of 10 mM NaCl with CAA did not activate vps-dependent biofilm development by wild-type V. cholerae, while addition of YT did. Thus, we hypothesized that a nonproteinaceous component of YT must be an activator of and/or a substrate for VPS synthesis. In an attempt to activate vps-dependent biofilm development, B vitamins, choline, iron, and nucleic acids were added to 10 mM NaCl supplemented with CAA at concentrations similar to those reported for YT. However, no V. cholerae biofilm was observed in the presence of these supplements (data not shown). Monosaccharide analysis of YT revealed the presence of mannose, glucose, and galactose. Because the presence of monosaccharides in growth medium has been shown to influence exopolysaccharide production and biofilm formation by a wide variety of bacteria, we tested whether supplementation of 10 mM NaCl-CAA with monosaccharides activated vps-dependent biofilm formation by V. cholerae. In fact, when wild-type V. cholerae was cultured in 10 mM NaCl supplemented with CAA, 0.098% mannose, 0.015% glucose, a Biofilms were formed in either 10 mM NaCl supplemented with YT (10 mM NaCl/YT), 10 mM NaCl supplemented with CAA (10 mM NaCl/CAA), 10 mM NaCl supplemented with CAA and monosaccharides (10 mM NaCl/CAA/CRB), or Charles River water supplemented with CAA (CRW/CAA). Values were calculated by using the Comstat program (13 (Fig. 4) . The vps mutant, however, formed no biofilm in 10 mM NaCl supplemented with CAA and monosaccharides. Both glucose alone and mannose alone were able to activate vps-dependent biofilm development. Galactose, however, augmented vps-dependent biofilm development only in the presence of glucose or mannose (data not shown).
We also used quantitative biofilm parameters to compare the structures of wild-type V. cholerae biofilms formed in 10 mM NaCl supplemented with YT, with CAA, or with CAA and monosaccharides ( Table 2 ). The biomass of the biofilm formed in 10 mM NaCl supplemented with CAA was 17-fold less than that of the biofilm formed in 10 mM NaCl supplemented with YT. Substratum coverage, average thickness, and maximum thickness were also severalfold less. However, the quantitative parameters describing the biofilm formed in 10 mM NaCl supplemented with CAA and monosaccharides were remarkably similar to those describing the biofilm formed in 10 mM NaCl supplemented with YT. These results support the hypothesis that the polysaccharide component of YT induces vps-dependent biofilm development by V. cholerae.
Because monosaccharides are the substrates for exopolysac -FIG. 4 . Architecture of V. cholerae biofilms formed in 10 mM NaCl supplemented with monosaccharides and/or CAA: transverse and vertical cross sections through DAPI-stained wild-type V. cholerae strain MO10 and ⌬vpsL mutant PW328 biofilms in 10 mM NaCl supplemented with CAA and 10 mM NaCl supplemented with CAA and monosaccharides (CRB). Transverse sections were obtained at the level of the substratum. Bars ϭ 10 m. NaCl supplemented with YT. As shown in Fig. 5 , vpsL transcription in biofilms formed in 10 mM NaCl supplemented with YT was 3-fold higher than vpsL transcription in the neighboring planktonic cells and 10-fold higher than vpsL transcription in planktonic cells grown in 10 mM NaCl supplemented with CAA. However, when the monosaccharide mixture was added to 10 mM NaCl supplemented with CAA, the pattern of vpsL transcription observed for planktonic and biofilm-associated cells was similar to the pattern observed for planktonic and biofilm-associated cells grown in 10 mM NaCl supplemented with YT. These data suggest that in addition to serving as the building blocks of VPS, monosaccharides activate vps transcription in both planktonic and biofilm-associated cells. Calcium is required for formation of the vps-independent biofilm. We hypothesized that one or several components of artificial seawater were responsible for induction of the vpsindependent biofilm. We initially used commercial artificial seawater in our experiments. Commercial artificial seawater, however, is intended for salt water aquariums rather than for laboratory experiments. In order to create a better defined medium whose composition could be altered, we purchased high-purity inorganic components and combined them in the concentrations reported to be in commercial artificial seawater to obtain DSW. The biofilms formed by wild-type V. cholerae and a ⌬vpsL mutant in DSW supplemented with CAA are shown in Fig. 6 . The biofilms formed in DSW exhibited the vps independence observed for biofilms formed in commercial ar- FIG. 5 . Normalized ␤-galactosidase activities of biofilm-associated and planktonic wild-type V. cholerae strain PW357 cells grown in 10 mM NaCl-YT, 10 mM NaCl-CAA, and 10 mM NaCl supplemented with CAA and carbohydrates (CRB). This strain carries a chromosomal fusion of the vpsL promoter to lacZ. We also used quantitative parameters to compare wild-type V. cholerae and ⌬vpsL mutant biofilms formed in commercial artificial seawater or DSW supplemented with CAA (Table 3) . Interestingly, this analysis underscored differences between the biofilms formed in commercial artificial seawater and DSW. The biofilm formed in commercial artificial seawater was 2.7-fold thicker and contained 2.6-fold more biomass than the biofilm formed in DSW. Furthermore, the wild-type V. cholerae biofilm formed in commercial artificial seawater contained 1.7-fold more biomass than the biofilm formed by the ⌬vpsL mutant, suggesting that there was moderate vps dependence. No vps dependence was observed in the structure of the biofilm formed in DSW. Quantification of the cells associated with wild-type V. cholerae and ⌬vpsL mutant biofilms formed in DSW supplemented with CAA confirmed the vps independence (Fig. 7) . We attributed the vps dependence of the biofilm formed in commercial artificial seawater to unreported organic components of this preparation. Furthermore, we noted that the ⌬vpsL mutant biofilm formed in commercial artificial seawater contained almost twice as much biomass as the ⌬vpsL mutant biofilm formed in DSW. We hypothesized that unreported components of artificial seawater enhance vps-independent biofilm development, as well as vps-dependent biofilm development. In order to identify the component(s) of defined seawater that were required for vps-independent biofilm development, we first combined every additional component of DSW singly with a solution containing 468 mM NaCl and 10.3 mM KCl supplemented with 1% CAA. We found, however, that no single component of DSW, when combined with 468 mM NaCl, 10.3 mM KCl, and 1% CAA, restored surface attachment by wild-type V. cholerae (data not shown). We then hypothesized that several components of DSW and rich medium might be required for biofilm development but might not be sufficient to activate a vps-independent biofilm. To test this hypothesis, we added each component of DSW to LB broth. Biofilm development by wild-type V. cholerae and a ⌬vpsL mutant was tested in all these media. We observed that Ca 2ϩ was required for vps-independent biofilm formation in LB broth. We then grew wild-type V. cholerae in a medium containing all elements present in defined seawater except Ca 2ϩ . In this medium, very few attached cells were observed, and these cells were arranged in a flat monolayer (Fig. 6) . Furthermore, quantification of surface association demonstrated that there were very few attached cells (Fig. 7) . Thus, we concluded that Ca 2ϩ is the component of DSW that enables vps-independent biofilm formation.
Transcription of vps genes is low in artificial seawater supplemented with CAA. Because biofilms formed in artificial seawater and defined seawater supplemented with CAA displayed vps independence, we predicted that the vpsL genes would not be highly transcribed by planktonic cells or biofilm cells grown in these media. To test this prediction, we measured vpsL transcription by planktonic and surface-associated wild-type V. cholerae and ⌬vpsL mutant cells. As shown in Fig. 8 , vpsL transcription was quite low in cells associated with the vpsLindependent biofilms formed in both artificial seawater and DSW supplemented with CAA.
A distinct vps-independent exopolysaccharide is not observed in the extracellular matrix of V. cholerae biofilms formed in artificial seawater. We observed that the V. cholerae ⌬vpsL mutant formed a biofilm in commercial artificial seawater supplemented with CAA. Because biofilm formation often requires an extracellular matrix containing exopolysaccharide, we hypothesized that the extracellular matrix of the ⌬vps mutant biofilm might contain a novel exopolysaccharide that was independent of the vps genes. To test this hypothesis, we isolated the extracellular matrices of a wild-type V. cholerae biofilm formed in LB broth and wild-type V. cholerae and ⌬vps mutant biofilms formed in commercial artificial seawater supplemented with CAA and determined their monosaccharide compositions. The V. cholerae biofilm matrix formed in LB broth contained monosaccharides in the following molar ratio: N-acetylglucosamine, 0.49; galactose, 0.13; glucose, 0.23; and mannose, 0.15. This composition is similar to that reported for the biofilm matrix of a rugose variant of V. cholerae El Tor, although our biofilm matrix contained considerably more glucose (43) . The wild-type V. cholerae biofilm formed in commercial artificial seawater supplemented with CAA had a monosaccharide composition similar to that of the biofilm formed in LB broth, except that significant amounts of Nacetylgalactosamine were present. The exact molar ratio of monosaccharides for this biofilm matrix was as follows: Nacetylglucosamine, 0.25; galactose, 0.08; glucose, 0.19; mannose, 0.11; and N-acetylgalactosamine, 0.26. Because N-acetylgalactosamine was not present in the matrix of the wild-type V. Analysis of the ⌬vps mutant biofilm matrix formed in commercial artificial seawater did not suggest that there was an alternative vps-independent exopolysaccharide matrix. Rather, the number of moles of monosaccharide per microgram of the extracellular matrix isolated from the ⌬vps mutant biofilms was approximately 20-fold less than that of the extracellular matrix isolated from the wild-type V. cholerae biofilm formed in seawater. N-Acetylgalactosamine was always absent from the matrix of the ⌬vps mutant biofilm, suggesting that this component was dependent on the vps genes as well. Thus, we found no evidence that there was a novel vps-independent exopolysaccharide in the extracellular matrix of the ⌬vps mutant biofilm formed in commercial artificial seawater. vps-dependent biofilm development occurs in a freshwaterbased medium, while vps-independent biofilm development occurs in a seawater-based medium. Because calcium is scarce in freshwater and abundant in seawater, we hypothesized that only vps-dependent surface adhesion might be available to V. cholerae in freshwater environments, while both vps-dependent and vps-independent biofilm development would be possible in marine environments. We collected local freshwater and seawater from the Charles River and from the Massachusetts coast, respectively. In order to test our hypothesis, we formed wild-type V. cholerae and ⌬vpsL mutant biofilms in true freshwater and seawater supplemented with CAA and studied their vps dependence. As shown in Fig. 9 , the wild-type V. cholerae biofilm formed in freshwater had pillars, while the ⌬vpsL mutant biofilm consisted only of a monolayer of cells. Thus, formation of the three-dimensional structure of the V. cholerae biofilm formed in this freshwater medium required the vps genes. In contrast, both wild-type V. cholerae and a ⌬vpsL mutant formed robust biofilms in true seawater (Fig. 9) . Thus, a vps-independent biofilm was formed in true seawater. We performed Comstat analysis on the wild-type V. cholerae and ⌬vpsL mutant biofilms formed in true freshwater and seawater (Tables 2 and 3 ). Although the freshwater biofilm exhibited vps dependence, the biomass and average thickness of the wildtype V. cholerae biofilm formed in freshwater supplemented with CAA were 4.8-and 6.2-fold less, respectively, than those of the wild-type V. cholerae biofilm formed in 10 mM NaCl supplemented with CAA and monosaccharides. This most likely reflected the relative paucity of monosaccharides present in our freshwater sample. In contrast, the quantitative mea- Table 3 ). The structure of the V. cholerae biofilm formed in true seawater differed significantly from the structure of the biofilm formed in DSW. Although the overall biomass of the biofilm formed in true seawater was only 1.4-fold greater than the overall biomass of the biofilm formed in DSW, the maximum thickness of the former biofilm was 3-fold greater than the maximum thickness of the latter biofilm. Thus, the biofilm formed in true seawater contained a few tall pillars. We hypothesized that true seawater contains organic or inorganic components that promote the formation of pillars without a requirement for the VPS polysaccharide. In order to determine if the activators of vps-dependent and -independent biofilms were present in true freshwater and seawater, respectively, we analyzed the inorganic and organic constituents of our true freshwater and seawater. The results of the inorganic analysis are shown in Table 4 . We found that the Ca 2ϩ concentration of true freshwater was quite low, as required for formation of a vps-dependent biofilm. The Na ϩ concentration and osmolarity were quite low, as expected for freshwater. The inorganic composition and osmolarity of our DSW were very similar to those of our true seawater. In particular, the Ca 2ϩ concentration was high, as required for vpsindependent biofilm development.
Potential environmental roles for vps-dependent and vpsindependent biofilm development. In this work, we identified and characterized a vps-dependent V. cholerae biofilm and a vps-independent V. cholerae biofilm. The vps-dependent biofilm predominated in growth media containing monosaccharides. We hypothesized, therefore, that vps-dependent biofilm development occurs only in nutrient-rich environments. This type of biofilm development may facilitate V. cholerae's colonization of favorable aquatic environments. Conversion of environmental monosaccharides into an exopolysaccharide matrix may even serve as a form of nutrient storage. In contrast, millimolar Ca 2ϩ concentrations, which are present in seawater but not in freshwater, are required for vps-independent biofilm development. Thus, we hypothesized that vps-independent biofilm development occurs primarily in marine environments. Furthermore, in contrast to the variability of organic nutrients in aquatic environments, the concentration of Ca 2ϩ is uniformly high in the marine environment. Thus, we speculated that V. cholerae surface adhesion in marine environments may be less discriminating.
Cholera epidemics have been associated with heavy rainfall and increases in sea surface height (19, 20) . Both of these conditions are predicted to alter the organic and inorganic compositions of an estuary, which is the primary interface between humans and the marine environment (11, 23, 29, 33) . We hypothesized that changes in the organic and inorganic compositions of the aquatic environment may alter the nature of V. cholerae's association with surfaces. It is interesting to speculate that these types of transitions may play some role in the initiation of cholera epidemics. 
